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This paper describes an experiment of underground coal gasiﬁcation in experimental equipment. The
experiment was done within the range of the project APVV-0582-06, in May 2010. During the period of
63 h there was gasiﬁed amount of 214 kg of coal in experimental gasiﬁer with average rate of 3.4 kg/h.
The air, was the primary gasiﬁcation agent in the experiment and its total volume was 661 Nm3. Oxygen
was used only in a short period of the experiment. The produced gas reached an average caloriﬁc value of
3.27 MJ/Nm3. The caloriﬁc value was slightly higher (4.13 MJ/Nm3) whenwas using oxygen as gasiﬁcation
agent. This article talks not only about the analysis of the achieved results from UCG but also used
experimental gasiﬁer, input supply system of a gasiﬁcation agent, and monitoring system.
© 2016 Elsevier Ltd. All rights reserved.1. Introduction
Underground coal gasiﬁcation converts coal to gas while still in
the coal seam (in-situ). Gas is produced and extracted through
wells drilled into the unmined coal-seam. Injection wells are used
for injection of the gasiﬁcation agents (air, oxygen, or steam) to
ignite and as a fuel for the underground combustion process.
Another production wells are used to bring the syngas to surface
(see Fig. 1) [1e3]. The high pressure combustion is conducted at
temperature of 700e900 C, but it may reach up to 1500 C [1,2].
The process decomposes coal and generates CO2, H2, CO and small
quantities of CH4 and H2 S [2]. As the coal face burns and the im-
mediate area is depleted, the gasiﬁcation agents injected are
controlled by the operator [1].
The effectiveness of coal transformation on syngas depends on
more parameters. Of course, it will depend on structure of process
control. Economy of UCG depends on controlling too. Automated
process control of UCG has advantages such as the ability to achieve
greater control accuracy, the ability to switch between manual and
automatic process control and especially the possibility of imple-
menting relatively complex control algorithms as well as nonlinear
functional dependencies and the possibility of easiercommunication with other management levels. The principle of
automatic process control of UCG is dependent on the nature of
information obtained from the system, the possibility of identiﬁ-
cation of controlled process and the goal that is pursued by the
automatic control. UCG process is difﬁcult to identify and manage
considering that the process takes place in a several stages and
during operation there are changes of underground coal gasiﬁer
(e.g. cavity enlargement, shift of combustion front, gas leaks, cracks,
ground water, etc.). We say that the measurement of the process
variables, process identiﬁcation and ﬁnally automated process
control takes place under conditions of uncertainty. In automated
control of UCG can be used algorithms for gasiﬁcation agents ﬂow
rate stabilization, stabilization of oxygen concentration in syngas
(control of underpressure) and optimal control that uses the
methods of continuous extreme ﬁnding e.g. maximization of syn-
gas caloriﬁc value or selected component concentration in syngas
[4]. Water inﬂow can be controlled by maintaining an appropriate
pressure level in the georeactor in relation to hydrostatic pressure.
For the monitoring of the UCG cavity development, a number of
geophysical techniques were applied, i.e.: geothermal method,
vertical electroresistance sounding, georadar method, gasometry,
radon radiometry. The database of measured environmental risks
helps in decision and control processes of UCG. The control system
can automatically stop any gas leaks or reduce the performance of
the gasiﬁer if any environmental pollution occurs. The use of
automated signaling and warning devices is granted. Use of
Fig. 1. Principle of the UCG process.
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UCG zone. Leaked gas should be completely eliminated or diluted
with air below the explosive range as quickly as possible. For
monitoring pollution in vulnerable areas as appropriate path seems
to be the use of correlation spectroscopy of gases.
In industry gasiﬁcation is needed to include detection of CO2, CO
and CH4 migration from underground and to detect leakage to
surface. Computational ﬂuid dynamics (CFD) simulations are
playing an important role in the designing and commissioning of
gasiﬁers. CFD simulations are becoming popular to provide an
insight into thermal and chemical conversion of the coal as it
travels through the gasiﬁer and effect of hydrodynamics on these
processes. The syngas composition is possible to predict by utili-
zation of thermodynamic model that was presented in Ref. [5].
As coal differs considerably in its resistance to ﬂow, depending
on its age, composition and geological history, the natural perme-
ability of the coal to transport the gas is generally not satisfactory.
Hydro-fracturing, an electric-linkage, and a reverse combustion
may be usedwith varying degrees for high pressure break-up of the
coal [2,3,6]. There are two different underground coal gasiﬁcation
methods commercially available shaft and shaftless UCG methods
[7]. One of the methods uses vertical wells and a method of reverse
combustion to open up the internal pathways in the coal. The
process was used in the Soviet Union and later it was modiﬁed by
Ergo Exergy. It was tested in Chinchilla site in 1998e2003. Another
method that was developed by Lawrence Livermore National Lab-
oratory in the USA creates dedicated inseam boreholes, using
drilling and completion technology adapted from oil and gas pro-
duction. It has a movable injection point known as CRIP (controlledretraction injection point) and generally uses oxygen or enriched
air for gasiﬁcation [3,6].
For veriﬁcation of coal gasiﬁcation technology in underground is
necessary the whole system of gasiﬁcation test in laboratory con-
ditions [8e11]. For this purpose the experimental equipment for
simulation of real underground coal seam was constructed. The
similary equipment was published in Ref. [12]. In this work the
research was focused on ﬁnding the amount and composition of
gas produced from coal at different pressure conditions in the
gasiﬁcation ex-situ reactor. Pressure vessel was used as a gasiﬁca-
tion container - ex-situ reactor. The container was laden with
subbituminous coal blocks that were ignited by an electric mech-
anism. Reverse combustion was supported with a gasiﬁcation
agents mixture (O2/N2), which was injected under a pressure of
200 kPa. Gasiﬁcation experiments used K-type thermocouples for
monitoring internal temperatures. Gasiﬁcation process was
controlled using the following parameters:
 ﬂow of the gasiﬁcation agents mixture,
 the composition of the gasiﬁcation agents mixture,
 the pressure inside the ex-situ reactor.
The composition of the produced gas measured with a chro-
matograph and gas ﬂow with a rotameter. In reverse gasiﬁcation
the combustion front moves in the contraﬂow of the gasiﬁcation
agent. The fuel for the combustion is gas, which is gradually
released from the coal into the ex-situ reactor's area, while the
porosity of coal is changing. A key knowledge for the reverse
combustion is that the combustion reaction is limited to very thin
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Works [13e15] describe the two experiments of UCG which
were performed within projects HUGE (2007e2010) in experi-
mental mine Barbara (Poland). The ﬁrst experiment [13] lasted 22
days and there was gasiﬁed approximately 22 tons of coal. The
average caloriﬁc value of produced gas was 3.8 MJ/Nm3. The second
experiment [14] was focused on effect of oxygen as the main
gasiﬁcation agent on UCG process. The experiment was shorter and
lasted 6 days. Amount of gasiﬁed coal was 5.36 tons. Reached
caloriﬁc value of produced gas was 8.9 MJ/Nm3. The similar study
that experimentally demonstrates the feasibility of lignite gasiﬁ-
cation to hydrogen-rich gas under the underground conditions in
the ex-situ reactor was presented in Ref. [16]. Another study was
aimed on the assessment of the feasibility of applying the under-
ground hard coal gasiﬁcation in the production of a hydrogen-rich
gas [17]. In the course of the experiment the so-called two-stage
gasiﬁcation process in which oxygen and steam were supplied to
the reaction zone separately in alternate stages was investigated.
Authors have used ex-situ UCG georeactor for experimental gasi-
ﬁcation. In work [18] an experimental simulation of underground
coal gasiﬁcation (UCG) using large bulk samples of ortho-lignite
was conducted in an ex-situ laboratory installation. The main
goal of the experiment was to evaluate the suitability of the high-
moisture lignite for UCG.
According to the Commonwealth Scientiﬁc and Industrial
Research Organization following coal seals are most suitable for the
underground coal gasiﬁcation:
 the seam lies underground at a depth of between 100 and
600 m,
 the seam thickness is more than 5 m,
 the ash content of the coal is less than 60%,
 the seam has minimal discontinuities,
 there are no aquifers nearby (to avoid polluting supplies of
drinking water) [19e21].
The main goal of the paper was to present results fromFig. 2. Scheme of experimentaexperimental gasiﬁcation in lab scale within the project APVV-
0582-06 [22,23] in order to examination the possibility of coal
gasiﬁcation in Slovak mines.2. Experiment
Experimental process of UCG consists of following four main
parts (see Fig. 2):
1. supply system of gasiﬁcation agent,
2. gasiﬁer,
3. outlet system (system for exhaust of syngas),
4. monitoring system.2.1. Supply system of gasiﬁcation agent
Input part of the process comprises a supply system of the
gasiﬁcation agent, located before the entry into the gasiﬁer. This
system has two compressors at the beginning (see C1 and C2 in
Fig. 2), which blow air into the pressure vessel. Activation or de-
activation of the compressors is automatic according to the re-
quirements for the air pressure in the pressure vessel. The com-
pressors are connected with pressure vessel using pressure rubber
hose. Behind the pressure vessel is a pipe, on which is located the
pressure gauge and the servo valve. The amount of air supplied to
themixing station is controlled by servo valve (see its technological
mark in Fig. 2). There is also possibility to supply technically oxygen
from pressure cylinders into the mixing station (see mark MIX in
Fig. 2). The mixing station was created as a steel vessel in cylindric
form where the air is supplied at the same time with the oxygen
and there are mixed. For measuring the ﬂow of oxygen is used
vortex ﬂow meter. Output from the mixing station is also the
output of the whole supply system of oxygen of experimental UCG
process.l gasiﬁer (ex-situ reactor).
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The vessel of the ex-situ reactor has a half-cylindrical shape and
consists of forefront (front and rear) and the vessel jacket (see
Gasiﬁer in Fig. 2). Its length is 3000mm and height 500 mm. Across
thewhole inside surface of the vessel is insulationwith thickness of
100 mm, on which a cover plate is placed. There are three holes at
the inlet of the ex-situ reactor vessel. The ﬁrst serves as an input for
gasiﬁcation agent, the second for the ignition of coal at the begin-
ning of the experiment, and the third is used for draining of the
condensed tar during the experiment. At the outlet of the vessel is
the gas outlet hole. The lid of the ex-situ reactor is made from steel
construction and its length is 3000 mm and height 100 mm. Over
the height of the lid of the ex-situ reactor itself is also placed
100 mm insulation on which is the cover sheet. At the lid there are
21 holes for insertion of probes used for temperature measurement
and gas analysis during the process of UCG. Thirteen holes are
located in the center of the lid of the ex-situ reactor and are for the
analysis of gas and the temperature in the channel of coal bed.
Another eight holes are deployed on the right (4 probes), and on the
left (4 probes) from the channel holes and serve for the analysis ofFig. 3. Monitorigas and the temperature in the coal. The gas sampling probes are
tubular, with a diameter of 8 mm and a length of 750 mm. A
thermocouple for measuring the temperature in the ex-situ reactor
is placed in a ceramic tube that is inserted into the probe. At the end
of the probe is valve with an outlet for connecting the hose to the
gas analyzer. The depth of placement of the probe is adjustable by a
bolt nut on the outside. Around the edge of the vessel and lid of the
ex-situ reactor are drilled holes for connecting the vessel and lid
using screws and bolt nuts. Besides these holes there is a groove in
the vessel for placing a seal, which is used to prevent gas leakage
(gas-tightness of the ex-situ reactor).
2.3. Outlet system
At the outlet of geo-reactor and the whole experimental process
of UCG is a system for syngas. The system consists of pipes, exhaust
ventilator (see in Fig. 2) and combustion chamber (see Combustion
in Fig. 2). The ventilator is connected to the pipe with the largest
diameter. The set of two ﬂaps in the pipe allows to switch the di-
rection of the gas ﬂow. In the ﬁrst case, the syngas is sucking by
ventilator that generates negative pressure in the pipe. The gasng system.
Fig. 4. The scheme of thermocouples position in the gasiﬁer.
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chamber. The ventilator has its own frequency inverter placed in
instrument panel. Presented connection of the ventilator also al-
lows discharge of the tar, which would be accumulated in the pipe
of the gas exhaust. The combustion chamber is made of sheet
metal. On the front side there is a ﬁre resistant quartz glass (visor)
and at the sides of the combustion chamber are burners with a
lighter. Each burner has its own piezo-electric lighter.2.4. Monitoring system
Automatic control system based on PLC was created for the
monitoring and controlling of the experimental process of gasiﬁ-
cation. The basic process control consists of managing the ﬂow of
gasiﬁcation agent supplied to the input of the ex-situ reactor. The
control system shall also maintain throughout the experiment the
air pressure in the pressure vessel between the minimum and the
maximum set value. Individual measurement and control devices
are connected to the control panel and PLC. The monitoring system
used for experimental gasiﬁer was created in an environment of
Promotic SCADA visualization program [24]. The task of this system
is visualization of process variables and adjustment of controllers.
The monitoring system consists of several screens, among which
there is possibility to switch. Basic screen for the monitoring sys-
tem is an image of ”ex-situ reactor”. In this screen (see Fig. 3) there
is assembled technological scheme (visualization) of the entire
experimental process of UCG by using the graphical objects. Otherscreens of the monitoring system include:
 gasiﬁcation control - image allows to run the automatic control
of gasiﬁcation agent ﬂow,
 solenoid valves and pressure gauges - this image shows that the
valves can be opened or closed while controlling pressures in
the process.
 temperatures - image provides information about current
temperatures,
 trends of gases concentrations - it shows the time course of the
values of the gas components,
 trends of pressures and ﬂows - it shows the time course of
pressures and ﬂow.
Communication between the PLC and the monitoring system is
ensured by OPC protocol. After running of the monitoring system,
the PVI Manager application at the same time starts and captures
process data and provide them to resident running OPC Server. The
monitoring system works as OPC client and retrieve data from the
OPC server.2.5. Description of experiment
Before the start of the experimental gasiﬁcation it was necessary
to create the model of coal seam in the ex-situ reactor (see Fig. 4
and Fig. 5). This model is represented by layers of overburden
and underburden, coal blocks size, dimensions and placement of
Fig. 6. The position of mine Cigel on the map.
Fig. 5. Coal seam and gasiﬁer before experiment.
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of coal seam as a compact unit, along the entire length of the ex-situ
reactor. We have used ﬁve blocks of lignit with dimensions: circa
300  250  550 mm. There was drilled gasiﬁcation channel along
blocks. At the inlet, inside the ex-situ reactor, ignition part was
created. After then followed the drilling holes for the placement of
thermocouples. Thermocouples in a protective ceramic tube were
placed in the coal, the gasiﬁcation channel and on the model
surface.
The positions of thermocouples were selected so that the
measured temperature gives information about distribution of re-
action zones, gasiﬁcation front propagation and information aboutFig. 7. The detail othe heat losses (see Fig. 4). Thermocouples were then through a
compensation line connected to the PLC. The Fig. 5 shows bedding
of coal seam blocks at the coal seam creation and ex-situ reactor
after placing thermocouples and before starting the experiment.
The ignition itself was carried out using a special ignition heads
and a small burner, whichwas inserted through the inlet hole of the
ex-situ reactor into the ignition part. The ignition process was
controlled by changing the power of exhaust ventilator on outlet
pipe before entering to the chimney. The temperature on thermo-
couple T1 indicated successful ignition by value approximately
200e400 C (see Fig. 9). It is approximately at the 20th min from
the start of experiment. The course of experimental gasiﬁcationwasf mine Cigel.
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ators. Operators controlled the input of gasiﬁcation agents and at
the output they controlled the under pressure in the ex-situ reactor.
Simultaneously they controlled the temperatures and concentra-
tions, replacement of damaged thermocouples and changing of the
ﬁlters of the analyzer. The course of the experiment was recorded
by automated monitoring system. All measured variables (pres-
sures, ﬂows and temperatures) were recorded in the database and
at the end of the experiment were prepared for further processing.2.6. Coal analysis
For creating themodel of coal seamwas used 240 kg of coal from
mine Cigel on the Slovak Republic (Fig. 6). The Fig. 7 shows the
detail location of mine Cigel as about considered UCG area. The
basic parameters for the proposed area are following:
 Proposed area (m2): 18 000,
 Coal seam bedding depth (m): 166.9,
 Coal seam thickness (m): 3.2,
 Overburden rock thickness (m): 166.9,
 Overburden clay thickness (m): 87.3.
On the coal sample was carried technical analysis at an
accredited laboratory and the results for coal composition are
shown in Table 1. The percentage of oxygen in the coal was
calculated.Table 1
The analysis of coal with help of Slovak testing standards used by accredited labo-
ratory (Abbreviations: r e received, d e dry, daf e dry ash-free, a e analytical, G e
Gravimetry, EA e elementary analysis with heat conductive detector, K e Calorim-
etry, RFS e X-ray ﬂuorescence spectrometry).
Parameter Value Uncertainty Method Standard
Total Moisture Wrt (%) 22.25 5 G PN 16.3
Ash Ad (%) 26.33 2 G PN 16.4
Volatiles Vdaf (%) 60.39 2 G PN 16.2
Carbon Cdaf (%) 64.79 2 EA PN 16.7
Hydrogen Hdaf (%) 5.59 3 EA PN 16.7
Nitrogen Ndaf (%) 1.04 10 EA PN 16.7
Caloriﬁc value Qdafi (MJ/kg)
24.94 2 K PN 16.2
Caloriﬁc value Qdi (MJ/kg) 18.37 2 K PN 16.1
Caloriﬁc value Qri (MJ/kg) 13.74 2 K PN 16.1
Ash Ar (%) 20.47 10 G PN 16.4
Carbon Cr (%) 37.11 2 EA PN 16.7
Hydrogen Hr (%) 3.20 3 EA PN 16.7
Nitrogen Nr (%) 0.59 10 EA PN 16.7
CaO (%) 1.12 10 RFS PN 3.1
MgO (%) 0.62 5 RFS PN 3.1
SiO2 (%) 12.10 5 RFS PN 3.1
Al2O3 (%) 5.26 5 RFS PN 3.1
Fe2O3 (%) 2.89 5 RFS PN 3.1
Na2O (%) 0.14 15 RFS PN 3.1
P2O5 (%) 0.02 15 RFS PN 3.1
TiO2 (%) 0.17 10 RFS PN 3.1
K2O (%) 0.55 10 RFS PN 3.1
Volatiles Vr (%) 34.59 2 G PN 16.2
Analytical Moisture Wa (%) 9.56 5 G PN 16.3
Total sulphur Srt (%) 1.93 15 G PN 16.5
Sulphate sulphur Srs (%) 0.01 15 G PN 16.5
Pyritic sulphur Srp (%) 1.35 15 G PN 16.5
Organic sulphur Sro (%) 0.57 15 G PN 16.5
Oxygen Qdaf (%) 26.34
Oxygen Qd (%) 19.43. Results and discussion
3.1. Gasiﬁcation agent
The experiment lasted 63 h. The primary gasiﬁcation agent was
atmospheric air that was injected into the ex-situ reactor from the
pressure vessel. Maximumvolume ﬂowof supplied air was 22 Nm3/
h and its average value during the whole experiment was
10.52 Nm3/h. The secondary gasiﬁcation agent was industrial ox-
ygen, which was used only in a time period from the 52nd to 58th
hour of the experiment. Flow rate of air in this time section has
been reduced to zero and the ﬂow rate of oxygen was equal to
2 Nm3/h (see Fig. 8). Gasiﬁcation with oxygen took about 8 h and
with air 55 h.3.2. Temperatures
The behavior of temperatures in coal during experiment is
shown in Fig. 9. In the ﬁrst stage of the experiment were the
maximal temperatures noted on thermocouples T3 and T4 corre-
sponding to the start location of the thermocouples on the coal
model. During the experiment, the burning front was gradually
moved up to the end of the ex-situ reactor where the highest
temperatures were measured on thermocouples T8-T10. Table 2
gives an overview of the maximum temperatures in the coal
along the length of the ex-situ reactor. The lowest temperature of
only 272 C was measured on thermocouple T7. In this part of ex-Fig. 8. Air and oxygen ﬂow rate.
Fig. 9. Temperatures in coal.
Table 2
Overview of maximum temperatures.
T1 T2 T3 T4 T5 T6 T7 T8 T9 T10
Max temperature ( C) 476 626 890 1014 1067 1015 272 840 774 879
Hour of experiment 4 4 4 8 9 9 41 59 59 60
Fig. 10. Concentration of syngas. Fig. 11. Syngas ﬂow rate and caloriﬁc value.
M. Laciak et al. / Energy 114 (2016) 332e343340situ reactor it seems that the gasiﬁcation of coal did not occur. The
maximum temperature measured during the experiment was
reached on thermocouple T5 (1067 C).
3.3. Concentration of syngas
During the experimental gasiﬁcation ﬁve components of the
produced gas i.e. O2, CO2, CO, H2 and CH4 were continuously
measured in volume percentages. The course of the concentration
of these components is shown in Fig. 10. Looking at the heating
components of the syngas, the highest values were obtained on the
beginning of the experiment, at time range from the 7th to 12th
hour of the experiment. The percentage content of CO achieved
during this time was 10%, H2 content was 15% and CH4 content was
20e25%. Higher values of the heating components of the syngas,
were not reached in the long term also in the section where in-
dustrial oxygen has been the main gasiﬁcation agent. The average
and maximum concentrations of the gas components are shown in
Table 3.
3.4. Syngas volume ﬂow and caloriﬁc value
Fig. 11 shows the course of the volume ﬂow of the syngas at the
outlet from the ex-situ reactor and its caloriﬁc value during the
experiment. Syngas volume ﬂow was nearly constant during the
experiment, at the level of 7e8 Nm3/h, except the ﬁrst part of the
experiment, where its reached value was up to 25 Nm3/h. In this
section there was a higher volume ﬂow rate of the input gasiﬁca-
tion agent (see Fig. 8). The average caloriﬁc value of the syngas is
3.27 MJ/Nm3 with a maximum value of 12.23 MJ/Nm3, which wasTable 3
Average and maximal concentration of syngas.
Concentration (vol%)
O2 CO2 CO H2 CH4
Average 4.78 14.95 5.25 2.78 6.44
Max 20.92 49.70 13.44 16.40 25.62reached in the 12th hour of experiment. We can see based on the
comparison of the caloriﬁc value in term of input gasiﬁcation agent
(see Table 4), that higher average caloriﬁc value of the syngas has
been achieved using oxygen as the main gasiﬁcation agent. The
Fig. 12 shows behavior of maximal temperature in the gasiﬁcation
channel and responded ratio of CO to (CO þ CO2) that was
calculated.3.5. Material balance
Material balance is a comparison of the mass of the input ele-
ments in the charge (i.e. coal and a binder Goudron) and gasiﬁca-
tion agent (i.e. oxygen and air), which will take part in the
gasiﬁcation process with the output elements (i.e. unburned coal,
ash, condensate and gas). One of the important factors determining
the value indicators of the technological process of the gasiﬁcation
is material balance. In Fig. 13 we see schematic drawing of the
material balance of the gasiﬁcation in ex-situ reactor.
Overall material balance of the process of underground coal
gasiﬁcation in an experimental gasiﬁcation can be expressed by the
Formula (1).
Gcoal þ Ggoudron þ Gair þ Goxygen ¼ Gcoal unburn þ Gash þ Ggas
þ Gconden þ Ggoudron out
(1)
where Gcoal is the mass of coal, Ggoudron is the mass of goudron,
Ggoudron out is the mass of unburned goudron, Gair is the mass of air,
Goxygen is the mass of oxygen, Gcoal unburn is the mass of unburnedTable 4
Average and maximal caloriﬁc value.
Caloriﬁc value (MJ/Nm3)
Oxygen Air Experiment
Average 4.13 3.15 3.27
Max 8.12 12.23 12.23
Fig. 12. Maximal temperature and ratio of CO to (CO þ CO2).
Fig. 13. Material balance of the UCG process.
Table 6
Mass of syngas components.
Total amount of syngas generated during the
experiment
(Nm3) (kmol) (kg)
H2 14.3 0.6 1.3
CO 26.7 1.2 33.4
CH4 33.0 1.5 23.8
CO2 75.6 3.4 149.7
O2 23.1 1.0 33.1
N2 and other 331.0 e e
Total 503.8 7.8 241.2
M. Laciak et al. / Energy 114 (2016) 332e343 341coal, Gash is the mass of ash, Ggas is the mass of gas, Gconden is the
mass of condensate.
The results of the material balance of the experiment are shown
in Table 5. There was a total of 214 kg coal gasiﬁed, considering that
25 kg of coal that remained at the end of the experiment was not
gasiﬁed. Gasiﬁcation rate was 3.4 kg/h.
For the calculation of the mass of the components in the syngas
we used the average values of the individual components of syngas
(see Table 3). These average values were obtained during the
experiment. The results of mass of the individual components of
the syngas are shown in Table 6. Approximately 65% of the syngas
represent immeasurable components of the syngas (i.e. C2 H6, H2 S,
etc.), including N2. The balance of amount of carbon, hydrogen and
oxygen in the syngas, whichwas based on previous analysis is given
in Table 7. From this balance it is clear that the weight of carbon in
the syngas was 72.9 kg what represents approximately 30% of the
amount of gasiﬁed coal. This means that 30% of the chemical energy
from the coal was transformed into the energy of the produced gas.
The remaining energy of coal was used to heat the process, for
water evaporation, the UCG processes and of course the losses of
heat to the surroundings.Table 5
Material balance.
Gcoal Ggoudron Ggoudron out Gair
Mass (kg) 239 5 0.52 7584. Summary
From the shown analysis of experimental gasiﬁcation in the
gasiﬁcation reactor we can state:
 the experiment lasted for 63 h and there was gasiﬁed 214 kg
(3.4 kg/h) of coal,
 the primary gasiﬁcation agent was air which was consumed in
amount 662 Nm3 and the secondary oxygen which was
consumed 11 Nm3.
 the maximum temperature in modeled coal seam was 1067 C,
 there were produced 503 Nm3 of syngas with an average calo-
riﬁc value of 27.3 MJ/Nm3,
 approximately 30% of the chemical energy of coal was trans-
formed into the energy of the produced gas.5. Conclusion
This paper described the experiment of UCG process under
laboratory conditions. It was necessary to design and construct anGoxygen Gcoal unburn Gash Ggas Gconden
14 25 23 563 9
Table 7
Balance of elements.
C H O
H2 kmol 0.6 0.6
kg 1.3 1.3
CO kmol 1.2 1.2 0.6
kg 33.4 14.3 19.1
CH4 kmol 1.5 1.5 3
kg 23.8 17.8 5.9
CO2 kmol 3.4 3.4 3.4
kg 149.7 40.8 108.9
O2 kmol 1.0 1.0
kg 33.1 33.1
Total kmol 7.8 6.1 3.6 5.0
kg 241.2 72.9 7.2 161.1
M. Laciak et al. / Energy 114 (2016) 332e343342ex-situ reactor for the gasiﬁcation in order to verify the experi-
mental gasiﬁcation. It was also necessary to prepare input and
output part of experimental gasiﬁcation. As a part of input is
considered the supply system and the control of injected gasiﬁca-
tion agent. Output part consists of system for exhaust of produced
syngas.
The paper examined the effect of the gasiﬁcation agent on the
quality of produced syngas. Created ex-situ reactor and the model
of coal bed represent a reduction of real coal seam for the needs of
examination of gasiﬁcation agents impact on produced syngas
during gasiﬁcation. Researched were only possibilities to increase
the efﬁciency of gasiﬁcation in term of syngas caloriﬁc value and
temperatures using controlled air ﬂow and additional oxygen ﬂow.
Caloriﬁc value also affects the type of coal and the level of achieved
temperatures.
The aim of gasiﬁcation control during experiments on experi-
mental gasiﬁer was to ensure that the produced gas has the highest
caloriﬁc value, i.e. to ensure the highest content of ﬂammable
components in the gas. During gasiﬁcation the composition of the
produced gas is a function of temperature and volume quantity of
gasiﬁcation agent. The aim is to inject gasiﬁcation agent into the ex-
situ reactor with such a ﬂow so that the content of the heating
components was the greatest. The experiment shows that this aim
can be achieved only at higher temperatures above 1000 C. With
increasing temperature increases CO and this component remains
dominant. Similarly, increasing the ratio of CO/(COþ CO2), which is
an important indicator during gasiﬁcation (see Fig. 12). If the
temperature is high enough then it will also complete the pyrolysis,
which successive leaves porosity containing solid carbon and
minerals. Higher caloriﬁc value, using the same gasiﬁcation agent
(air), we obtain when the gasiﬁcation of bituminous coal (Turkish
coal) and lower caloriﬁc value in subbituminous coal gasiﬁcation.
The research that was presented was aimed to gasiﬁcation of lignit
from the Slovak mines.
The physical model was created based on the theory of simi-
larity. There has not been studied effect of hydrostatic pressure
during gasiﬁcation. On the other hand the gradient of hydrostatic
pressure is proportional to seam thickness, so water inﬂux may be
more difﬁcult to control in thick seams. There were used over-
pressure and underpressure control of gasiﬁcation. When the
overpressure system of control was used then the regulated ﬂow of
injected gasiﬁcation agent was used for the support of gasiﬁcation.
High injection pressure can cause loss of gas from underground
reaction zone into the surrounding layers. The impact of higher
operating pressure is at least showed the CO concentration. On the
second hand higher operating pressure of gasiﬁcation agent dis-
places methane from coal pore structure and causes cracking of
coal. Higher rate of the injected gasiﬁcation agent improves thecaloriﬁc value and the rate of gas production. Too much of gasiﬁ-
cation agent can cause a negative effect, i.e. reduce the temperature
in the reaction zone (cooling) and then the caloriﬁc value of pro-
duced gas, therefore, is needed to look for optimal ﬂow of gasiﬁ-
cation agent. Underpressure control was used mainly for gas leaks
elimination and for stabilization of the oxygen concentration in
syngas. Within the experiments was found that the lower con-
centration of oxygen in syngas results in the higher caloriﬁc value
of produced gas. For this reason it is needed stabilization the oxy-
gen concentration in syngas to the lower value near to zero. For this
type of control was uses exhaust ventilation to ensure complete
combustion of coal in the modeled coal bed.
Since the underground reactor was created by nature, the
various anomalies in underground there can occur. We did not
examine the impact of changing local pressure due to removal of
mass in experimental gasiﬁcation. Models were built so that the
similar effects did not have to consider. The coal seam model and
experimental gasiﬁcation were reduced only for research of pos-
sibilities to improve the gasiﬁcation with a various gasiﬁcation
agents, its ﬂows, inlet pressures and underpressure (vacuum) on
output.
Paper presents behaviors of temperatures that were measured
with thermocouples but for industrial gasiﬁcation seems preferable
to use indirect methods of measuring temperature, which are still
being developed. One possible approach of indirect measurement
of temperature can be made depending on the syngas composition
(e.g. measuring isotopes of CO2, CO and H2). Researchers also
develop methods for indirect measurement of temperatures using
the laws of non-stationary heat conduction [25,26].
Effective process control of gasiﬁer minimizes the generation
and spreading of potential contaminant. Some reaction parameters
must be correctly controlled:
 high enough reaction temperature,
 reactor pressure kept closely lower than the hydrostatic
pressure,
 optimized gasiﬁcation composition of agents (i.e. air, oxygen,
water vapor).Acknowledgment
This work was partially supported by project COGAR RFCR-CT-
2013-00002, by the Slovak Research and Development Agency
under the contract No. APVV-14-0892 and grants VEGA No.1/0529/
15 and No. 1/0295/14 from the Slovak Grant Agency for Science.
M. Laciak et al. / Energy 114 (2016) 332e343 343References
[1] Burton E, Friedmann J, Upadhye R. Best practices in underground coal gasi-
ﬁcation, Technical report. Lawrence Livermore National Laboratory; 2010.
[2] Sury M, et al. Review of environmental issues of underground coal gasiﬁca-
tion, Technical report. WS Atkins Consultants Ltd (Department of Trade and
Industry); 2010.
[3] Yang Y, Liang J, Yu L. Clean coal technology study on the pilot project
experiment of underground coal gasiﬁcation. Energy 2003;28(14):1445e60.
[4] Kacur J, Kostúr K, Durdan M. The proposal of the control circuits for under-
ground coal gasiﬁcation. In: Proceedings of 9th international carpathian
control conference 2008 (ICCC); 2008. p. 287e90.
[5] Laciak M, Kacur J, Kostúr K. Simulation analysis for UCG with thermody-
namical model. In: Proceedings of 9th international carpathian control con-
ference 2008 (ICCC); 2008. p. 358e61.
[6] Yang DLH, Zhang X, Liu S. Underground coal gasiﬁcation using oxygen and
steam, Energy Sources. Part A Recovery, Util Environ Eff 2008;30(6):516e28.
[7] Kostúr K, Laciak M, Durdan M, Kacur J, Flegner P. Low-caloriﬁc gasiﬁcation of
underground coal with a higher humidity. Measurement 2015;63:69e80.
[8] Laciak M, Skvarekova E, Durdan M, Kostur K, Wittenberger G. Study of un-
derground coal gasiﬁcation (UCG) technology in laboratory conditions. Chem
Listy 2012;106(5):384e91.
[9] Yang L. Study on the model experiment and numerical simulation for un-
derground coal gasiﬁcation. Fuel 2004;83(4e5):573e84.
[10] Daggupati S, Mandapati RN, Mahajani SM, Ganesh A, Mathur DK, Sharma RK,
et al. Laboratory studies on combustion cavity growth in lignite coal blocks in
the context of underground coal gasiﬁcation. Energy 2010;35(6):2374e86.
[11] Daggupati S, Mandapati RN, Mahajani SM, Ganesh A, Sapru R, Sharma R, et al.
Laboratory studies on cavity growth and product gas composition in the
context of underground coal gasiﬁcation. Energy 2011;36:1776e84.
[12] Dobbs RL, Krantz WB. Combustion front propagation in underground coal
gasiﬁcation, Technical report. University of Colorado, Boulder Department of
Chemical Engineering; 1990.
[13] Wiatowski M, Stanczyk K, Swiadrowski J, Kapusta K, Cybulski K, Krause E,
et al. Semi-technical underground coal gasiﬁcation (UCG) using the shaft
method in experimental mine barbara. Fuel 2012;99:170e9.
[14] Wiatowski M, Kapusta K, Swiadrowski J, Cybulski K, Ludwik-Pardala M,Grabowski J, et al. Technological aspects of underground 1 coal gasiﬁcation
using oxygen in the experimental €barbara €mine. Fuel 2015;159:454e62.
[15] Stanczyk K, Howaniec N, Smolinski A, Swiadrowski J, Kapusta K, Wiatowski M,
et al. Gasiﬁcation of lignite and hard coal with air and oxygen enriched air in a
pilot scale ex situ reactor for underground gasiﬁcation. Fuel 2011;90:
1953e62.
[16] Stanczyk K, Smolinski A, Kapusta K, Wiatowski M, Swiadrowski J, Kotyrba A,
et al. Dynamic experimental simulation of hydrogen oriented underground
gasiﬁcation of lignite. Fuel 2010;89:3307e14.
[17] Stanczyk K, Kapusta K, Wiatowski M, Swiadrowski J, Smolinski A, Rogut J.
Experimental simulation of hard coal underground gasiﬁcation for hydrogen
production. Fuel 2012;91:40e50.
[18] Kapusta K, Wiatowski M, Stanczyk K. An experimental ex-situ study of the
suitability of a high moisture ortho-lignite for underground coal gasiﬁcation
(UCG) process. Fuel 2016;179:150155.
[19] Xu B, Chen JL, Li L, Xing BL, Huang GX, Wang XJ, et al. Removal properties of
hexavalent chromium and hazardous trace elements in UCG condensate
water by semi-cokes. Coke Chem 2015;58(5):188e95.
[20] Bhaskaran S, Samdani G, Aghalayam P, Ganesh A, Singh RP, Sapru R, et al.
Experimental studies on spalling characteristics of indian lignite coal in
context of underground coal gasiﬁcation. Fuel 2015;154:326e37.
[21] Bhutto AW, Bazmi AA, Zahedi G. Underground coal gasiﬁcation: from fun-
damentals to applications. Prog Energy Combust Sci 2013;39(1):189e214.
[22] Kostúr K, et al. Underground coal gasiﬁcation by thermal dissociation, Tech-
nical report. Slovakia: Technical University Kosice; 2008.
[23] Kacur J, Durdan M, Laciak M, Flegner P. Impact analysis of the oxidant in the
process of underground coal gasiﬁcation. Measurement 2014;51:147e55.
[24] Kacur J, Laciak M, Durdan M. Remote monitoring and control of the ucc
process. In: Proceedings of 12th international carpathian control conference
2011 (ICCC); 2011. p. 180e4.
[25] Durdan M, Kacur J. Indirect temperatures measurement in the UCG process.
In: Proceedings of 14th international carpathian control conference 2013
(ICCC); 2013. p. 73e8.
[26] Durdan M, Kostúr K. Modeling of temperatures by using the algorithm of
queue burning movement in the UCG process. Acta Montan Slovaca
2015;20(3):181e91.
